• Increasing application of the indicator-dilution technic to the study of various segments of the circulation has focused attention on the different forms of this teehnic that have been devised 1 
"
3 as well as on requirements of the ideal indicator and of the ideal detecting-recording system to be used in such studies. This paper will be largely confined to a discussion of indicators and detectors used primarily in dilution studies in the central circulation employing the classic forms of the indicator-dilution technic and to the application of these indicators to the measurement, of regional and organ blood flow.
Indicators used in central circulatory dilution studies may be conveniently divided into two groups, the liquid and the gaseous indicators, the former being inserted directly into the vascular system, the latter entering the vascular system either via diffusion in the lungs or by injection of solutions saturated with the gas. Gaseous indicators being freely diffusible, strictly speaking, are not in the province of this paper but will be discussed for reasons detailed later.
To be useful as an indicator a substance must have some chemical or physical property that allows for its detection and preferably also for its quantitation in whole blood or plasma. Thus some substances, notably dyes (even if colorless), are useful because they absorb light of a particular spectral region, some because they emit light, that is, fluoresce, and some because they emit ionizing radiation. Among the earliest indicators to be used in circulatory dilution studies were strong electrolyte solutions, which change the Senior Bescnrch Fellow (SF-450-S), United States Public Health Service.
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Circulation Research, Volume X, March 1968 electrical conductivity of blood, while more recently strong reducing substances, notably ascorbic acid and hydrogen gas, have been introduced into the circulation which increase the current flow at a positively charged platinum polarographic electrode or a change in potential at a potentiometric electrode. Warmed or cooled isotonic aqueous solutions may be detected because of the temperature change that they produce in the blood. Any substance that changes the physical or chemical properties of the flowing blood into which it is injected, as by simple hemodilution, may be a suitable indicator. Finally, even totally inert substances such as inert foreign gases may be used as indicators because their presence in the blood can be determined by simple extraction.
Among the more obvious requirements of an intravenous (liquid) indicator for use in the classic Stewart-Hamilton dilution technics are that it be water-soluble and nontoxic, as well as suitable for sterile intravenous injection in a small volume. Furthermore, it should cause no cardiorespiratory disturbance on intravenous injection and should permit precise determination of its concentration in whole blood or plasma. To be suitable for most quantitative purposes such an indicator should not be metabolically degraded into tindetectable forms during its first circulation between injection and sampling sites. As a corollary to the latter, it should also not be lost from the blood stream during its initial circulation through the heart and lungs, a property that is generally achieved through combination of indicator molecules, either before or after their injection into the blood stream, with the blood proteins. Conversely, it is preferable for most purposes (except for the determination of blood volume) that the indicator leave the blood stream rapidly, preferably completely, after its first circulation,
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thus avoiding a build-up of the indicator concentration in the blood following repeated injections of the indicator.
The above strictures concerning the properties of a suitable indicator are only relative, however, for diffusible indicators have apparently been employed successfully in quantitative dilution studies in the central circulation, as in the measurement of cardiac output. 4 ' 5 Rapid back diffusion phis the small size of the pulmonary interstitial bed may prevent significant loss of diffusible indicator from the circulation into the interstitial tissues of the lung" but the possibility of such loss being significant, especially in the presence of pulmonary edema, militates against preferential use of diffusible indicators in such studies. Ingenious variations upon the classic indicator-dilution technics largely using diffusible indicators have been devised for measuring blood flow in regional vascular beds but will not be discussed as they have been the subject of a recent symposium. 1 The requirements of the ideal gaseous indicator for central circulatory dilution studies are in many respects similar to those of the ideal liquid indicator listed above, with appropriate modifications dictated by the different mode of entry into the circulation of the gaseous indicators. Thus, for example, gaseous indicators need to have a high degree of diffusibility across the lungs. The requirements of an ideal gaseous indicator are readily apparent on consideration of the classic example of the indicator-dilution teclmic exemplified in the conventional application of the Fick principle to the measurement of pulmonary blood flow using oxygen as indicator. In this latter instance loss of indicator, that is, oxygen, via metabolism is for all practical purposes avoided, partly by choice of the particular segment of the circulation, that is, the pulmonary circulation, whose alveolar capillary flow does not primarily subserve a nutritive function so that practically no indicator (oxygen) is lost between the "injection" and sampling sites following its uptake.
From the standpoint of their dynamic-response characteristics, ideally the detecting devices should consist of a point detector viewing an infinitely thin cross section of the vessel being sampled. Good dynamic-response characteristics of the detecting-recording system necessary for faithful recording of the concentration changes in whole blood that comprise the dilution curve have been shown to depend more upon the volume and the rate of blood flow through the hydraulic components than upon the electrical components of the continuously recording oximeters and densitometers available until recently. 7 Whereas Stewart had already used a continuous detecting teclmic in his original quantitative indicator-dilution studies, the lack of satisfactory equipment for continuous recording caused the laborious discontinuous sampling technics to be widely used for indicatordilution studies until quite recently. Use of the time-consuming discontinuous sampling technics undoubtedly contributed to the limited application of indicator-dilution technics to blood-flow measurement until just a few years ago.
Since the exact nature of the detecting device used to record the indicator-dilution curve is, of course, dependent on the particular indicator employed, the various indicators and their corresponding detecting-recording systems will be discussed together in the next section.
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Also it has the unfortunate property of staining the tissues. 1 
"
1 n The latter, in addition to its undesirable cosmetic effect, interferes with clinical as well as oximetric evaluation of patients with cyanotic congenital heart disease. This slow excretion and the fact that, since the dye is not a particularly strong absorber, fairly large doses have to be given also limit the number of curves that may be recorded in one experiment. The spectral absorption of Evans blue dye in plasma as compared to the spectral sensitivity of the redsensitive photocell of the oximeter is shown in figure 1 .
Following injection into the blood stream the Evans blue molecules combine almost instantaneously with plasma albumin.* 2 Unfortunately, from the standpoint of continuous recording indicator-dilution technics, following addition of this dye to blood the spectral transmission of the dye-blood mixture requires approximately 2 to 8 seconds for stabilization owing to an early "overshoot" in Hie spectral transmission of the mixture, as may be seen in figure 2 . This "overshoot" would be expected to interfere with the continuous recording of indicator concentration in animals having rapid circulation times as well as with continuous recording of indicator concentration in studies in humans measuraig regional blood flow in which the injection and sampling sites are closely approximated. The delay in stabilization of the spectral transmission of the Evans blue dye-blood mixture would, of course, not interfere with the quantitative determination of Evans blue using discontinuous sampling technics.
The major disadvantage of Evans blue, one which it has in common with the other members of this group of "blue" dyes, is that its spectral absorption peak lies in the visible region of the spectrum where reduced hemoglobin also has its maximal spectral absorption. Thus in order to avoid interference in the recording of dilution curves with these dyes from fluctuations in the oxygen saturation of the blood it is necessary to have the subjects, even normals, breathing oxygen during performance of arterial indicator-dilution curves. In patients with venoarterial shunts, however, interference with continuously recorded arterial indicator-dilution curves using Evans blue may be expected even if the patients are breathing 100 per cent oxygen. Also, interference in the continuous recording of venous dilution cui-ves may be expected in both patients with and patients without intracardiac shunts, due to fluctuations in oxygen saturation that are normally present in the venous blood. 13 2. Indigo Carmine. Sodium Tndigotin Disulfonate. Molecular Weight 466. 4 .-Because of the mode of preparation of the dye (it is a vat dye) the exact composition varies from lot to lot, which may explain the dearth of detailed studies of the chemistry of this dye.
14 Indigo carmine has the major advantage over Evans blue of rapid excretion via the kidneys and thus staining of the skin is, for all practical purposes, no problem. The spectral absorption of indigo eannine is fairly similar to that of Evans blue but milligram for milligram indigo carmine is a much 
FIGURE 2
Original weaker absorber. Generally, to obtain comparable curves the dose of indigo carmine has to be three to four times greater than that of Evans blue. This coupled with, the relative insolubility of iudigo carmine in water requires that injection of aqueous solutions of the dye be made in fairly large volumes, . which is distinctly disadvantageous. Whereas thus far the only quantitative data concerning use of this dye come from studies using discontinuous sampling technics, 15 unpublished data from "Wood's laboratory indicate that indigo carmine is also satisfactory for quantitative studies using continuous recording indicator-dilution technics. 10 3. Methylene Blue. 3, 7-Bis (dimethylamino) phenazathionium Chloride. Molecular "Weight 373.9-Methylene blue was first used by Stewart and later by Matth.es in their studies of circulation time. The spectral absorption of this dye resembles that of Evans blue but milligram for milligram it is a more potent absorber than Evans blue (see figure  1) . Following injection of methylene blue into the blood stream the rapid increase in the spectral transmission of the dye-blood mixture, which is probably the result of reduction of the dye to its colorless, leuko form, makes quantitation of methylene blue dye in blood difficult (see figure 2) . As a result methylene blue has been used only sparingly in quantitative or diagnostic dyedilution studies. It has been shown, however, that the magnitude of left-to-right shunts may be determined semiquantitatively equally well from the methylene blue and the Evans blue dilution curves by means of the disappearance slope ratio. 4 .-This is the newest of the "blue" indicator dyes. The spectral absorption of coomassie blue as compared to the spectral sensitivity of the oximeter photocells is shown in figure 3 . The major advantage of this dye is its rapid excretion from the blood stream into the urine and consequent failure to stain the skin. doses of coomassie blue have been found satisfactory in indicator-dilution technics employing the simultaneous detection of two indicator dyes, as will be discussed below. To circumvent interference in the recording oO dilution curves with coomassie blue due to fluctuations in the oxygen saturation of the blood, Taylor and Shillingford 18 recommend giving extremely large doses of this dye and at the same time reducing the sensitivity of the detecting instrument. This, of course, may be done with any of the "blue" dyes. Toxic reactions which have been noted following large doses of coomassie blue (nausea, vomiting, hypotension) would tend to caution against this application of the dye. spectral absorption at an isosbestic point of hemoglobin, indocyanine green circumvents interference in the continuous recording of dilution curves which may be seen when the "blue" dj'es are used and which is due to fluctuations in the oxygen saturation of the blood. The dye has been found to be nonloxic even in large doses. It is rapidly excreted by the liver, and staining of the skin has not been encountered. Study of the physical, chemical and physiologic properties of this dye reveals it to be satisfactory for quantitative indicator-dilution studies. 20 '
21
Instability of the dye in aqueous solution, requiring preparation of fresh dye solutions daily, is the major drawback of this substance. However, use of a fresh dye solution for each experiment would be expected to decrease the opportunity for bacterial contamination.
2. Rie 1743.-Following introduction of indocyanine green, German workers introduced a dye (Rie 1743) from the same general group of dyes which, however, has the disadvantage of forming aggregates in solution.
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Diagram of cuvette oximeter. Lumen Ideally, it would be desirable if solutions of indicator detected in blood obeyed Beer's law, so that a linear relationship would obtain between dye concentration and optical density. Deviations from linearity may result from properties of the dye, of the blood and of the detector. Strictly speaking, Beer's law holds only for solutions of an appropriate indicator in homogenous fluids whose lightabsorption characteristics are being determined by monochromatic light.
c. Instruments Used in Detection of DyeDilution Curves
Only the instruments most widely used in the continuous detection of dye-dilution curves will be discussed since the discontinuous sampling technics have been well detailed in the literature many times. The detecting instruments may be classified as two-color and one-color instruments, and as oximeters and densitometers.
1. Cuvette Oximeters-Matthes and Schleicher, 23 using methyl en e blue dye, apparently were the first to apply an indicator dye and whole-blood oximetry to the measurement of circulation time. This dye was also tried in the early experiments performed in Wood's laboratory using an earpiece oximeter. 24 The application of the absolute-reading, wholeblood cuvette oximeter 23 shown in figure 4 to the detection of indicator-dilution curves, originally using Evans blue dye, by Wood and co-workers 20 proved to be a great boon to indicator-dilution technics in general. First, this made repeated recording of dilution curves practical and, second, it opened up the very valuable field of diagnostic applications of indicator-dilution curves.
The major advantage of recording indicator-dilution curves using the "blue" dyes by means of an oximeter is the fact that this twocolor instrument compensates fairly adequately for changes in the amount of hemoglobin and for other, nonspecific changes in the background optical density of the blood. This compensation would be expected to add considerably to the accuracy of continuous-recording dilution technics.
When one considers that a dye-dilution curve represents but a small increment in optical density on the very large background optical density of whole blood itself, it is surprising that the quantitative detection of indicator concentration in whole blood by photometry is possible at all. To complicate matters further, this background optical density of flowing blood, which is due largely to the scattering and reflection of incident light by the red blood cells, is not stable but subject to change as from changes in hematocrit value, changes in flow rate, changes in carbon dioxide concentration, and changes in other factors affecting the characteristics of the red blood cells. 27 Thus in essence, one is attempting to detect a changing indicator concentration, the dye-dilution curve, on a background optical density of whole blood which represents the major portion of the total optical density of the dye-blood mixture and which is itself capable of changing.
Since the oximeter itself proved to be an invaluable aid to diagnostic eardiac-catheterization studies and may actually be said to be indispensable for this purpose, the fact that, this same instrument could be used in the recording of indicator-dilution curves was a major advantage.
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2. Cuvette Densitometers.-Paralleling the development of the cuvette oximeter was the development of the cuvette densitometer beginning with the early model of Friedlichand co-workers 28 which was succeeded by the widely used model of Gilford and co-workers, 20 both models employing a photomultiplier tube as detector. While Gilford's instrument has the advantage of simplicity of operation, it meant, until its recent modification into an oximeter, the employment of an instrument useful solely for the purpose of recording dilution curves. Furthermore, as would be expected in a one-color instrument, the instrument is sensitive to changes in flow, to changes in hemoglobin, and to other nonspecific changes in the optical density of blood. As far as its dynamic-response characteristics are concerned, published figures 30 would indicate that even if the volume of tubing leading to the densitometer cuvette is kept small and the rate of flow through it is kept reasonably fast, the response of the Gilford densitometer is probably slower than that of the "unmodified" Wood oximeter if the latter is connected to a fast galvanometer. This is due to the fact that the volume of the Gilford densitometer cuvette (0.3 ml.) is considerably greater than the volume overlying the detector photocell of the oximeter (0.02 ml.).
Addition of a zero suppression circuit in this densitometer to compensate for background dye and the fact that the basic Sweet circuit and the photomultiplier-tube characteristics lead to a practically linear relation between optical density and output over the range in which the Gilford instrument is normally operated are distinctly advantageous features.
Whereas in clinical situations oximeters are distinctly superior to densitometers for recording of dilution curves because of their dual function, the increasing application of indicator-dilution technics to cardiovascular research created a need for a densitometer having both a very rapid and a linear response.
The introduction of indocyanine green led at first to a modification of the oximeter cir-
euit, permitting this instrument to be used as a densitometer for the detection of indocyanine green. 31 In this modification of the oximeter the infrared cell becomes the detecting element. Subsequently an improved densitometer was developed for this dye, having much more rapid dynamic-response characteristics, as may be seen in figure 5 . This latter instrument uses a photodiode as sensing element and also most recently has been modified to incorporate a zero suppression circuit which can be used to modify the response of the instrument so that the relationship between galvanometer deflection and changes in dye concentration closely approaches that predicted by Beer's law. This greatly facilitates the problem of attaining constant sensitivity of the device to equal increments in dye concentration independently of the background level of indicator present in the blood stream. This is of considerable practical importance in experiments in which repeated injections of dye are made. 32 '
33
The difficulty with this as with all ordinary densitometers, that is, all one-color instruments, lies in its lack of compensation for changes in hematocrit value, as well as for nonspecific changes in the optical density of the blood caused by changes in flow rate, carbon dioxide tension, and other factors.
To overcome this basic defect of densitometers, Sutterer 34 ingeniously devised a twocolor (that is, dichromatic) densitometer for indocyanine green* ( fig. 6 ). This instrument has a compensating photocell which is insensitive both to changes in oxygen saturation and to the indicator dye but which is sensitive to the nonspecific changes in the optical density of blood. Since the detecting cell is sensitive both to dye and to the nonspecific changes in the optical density of blood and, of course, is insensitive to changes in oxygen saturation of the blood (its peak sensitivity *With the advent of a two-color clensitometor the term ' ' oximeter'' should be restricted to a twocolor filter photometer with cells having peak sensitivities in the red (approximately 640 m/i) and near infrared (approximately 800 mfi) spectral regions. lies at an isobestic point of hemoglobin), recording the difference in the output of these two photocell-filter assemblies results in an instrument which is relatively insensitive to nonspecific changes in the optical density oC blood as well as being insensitive to changes in the oxygen saturation of the blood but which is sensitive to indocyanine green dye.
Comparison of the newer compensated and the older uneompensated densitometer revealed a considerable degree of compensation by the newer instrument for the nonspecific changes in the optical density of blood as produce.d by injection of hypertonic solutions or by the sudden cessation ol: blood flow.-
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will result in an increase in the accuracy of the continuous densitometric determination of the concentration of indocyanine green dye ia flowing whole blood.
3. Ear Oximeters.-Quantitative detection of arterial indicator concentration by means of an earpiece oximeter, a two-color (compensated) instrument, has gradually decreased in vogue in this country owing to difficulties in calibrating such instruments. 85 " 37 British workers, 38 ' 30 have made fairly extensive use of the ear oximeter for quantitative purposes, however. The ear-oximeter circuit has also been modified for use with indocyanine green, that is, into a one-color instrument. 31 However, uncontrolled changes in the blood content of the transilluminated ear cause indocyanine green curves recorded with an ear oximeter to be less satisfactory than those recorded at the ear with the older dyes by conventional (two-color) oximetry. This difficulty can be minimized by decreasing the sensitivity of the ear oximeter, which then requires use of much larger doses of dye. As a result the variations in light transmission by the ear due to changes in its blood content become insignificant in relation to the very much larger alterations produced by the dye. This technic was first employed by Taylor and Shillingford 18 in conjunction with the indicator, coomassie blue, in order to reduce interference in recording of dilution curves with this indicator caused by variations in the oxygen saturation of the blood.
The obvious difficulties in calibrating the ear oximeter and the resulting diminution in accuracy would favor use of the technically somewhat more difficult procedure of determining dye concentration directly in whole blood by means of the cuvette oximeter. Furthermore, the dynamic-response characteristics of the ear oximeter are such as to make it less satisfactory for diagnostic use, especially in case of infants and small children with rapid circulations. 37 - 40 One can, however, only second the clinicians' hope that a technic will be found that will permit recording of dilution curves, especially in infants, without the need for arterial puncture. Precordial scanning technics may eventually be able to fill this need but there will have to be considerable improvement in equipment as well as in analysis of the data obtained 42 " 44 before such technics can replace the ones in use at present.
Another photometric device applicable to the detection of dyes in flowing whole blood is that of Kramer, 45 which consists of a light source and a barrier-layer photocell separated by a trough in which is placed an exposed but unopened artery. This instrument has recently been employed for the continuous detection of the concentration of an infraredabsorbing dye (see above) in unopened arteries. The difficulties in applying this technie in man are obvious.
B. HEMODILUTION TECHNICS
Even in the most recent of these technics, described by Lochner and dal Ei, 4G in which whole blood is drawn through a cuvette, dextran is used as indicator, and a photomultiplier tube having its peak sensitivity at 506 Ta.jx, is used as sensing device, the problem of obtaining an absolute calibration, as pointed out by Dow 47 for the earlier technics, has not been solved.
C. BLOOD-CONDUCTIVITY METHODS
Modifications of Stewart's original technic in which hypertonie saline was used as the indicator and the resulting changes in conductivity of the blood were measured by means of electrodes around the "sampled" artery have continued to appear. Sutterer.) eut appear to be as accurate as the available dye methods. More recently, this technic lias apparently been somewhat improved by substitution oil a dextran solution isosmolar and isoconduetive with plasma for the plasma." 
Diagram of photocell-filter assembly used in dichromatic deusitometer to measure transmission of two wavelengths through same sample simultaneously. Light passes through blood sample to dichroic mirror fixed in position so that angle of incident light on mirror "face" is 45°. Dichroic mirror has spectral characteristics that reflect light in region of 800 mix (loavelength B). Light then passes through filter B to dye-detecting cell (detector B). Light of uavelengths longer and shorter than SOO mfx (uavelength A) is transmitted by dichroic mirror through filter
D. FLUID RADIOACTIVE INDICATORS AND RECORDING EQUIPMENT
Eadioiod ioated human serum albumin ( M S A ) is one of the most commonly used indicators of this group, but red blood cells with radioactive labels have also been used. As in the case of dye-dilution technics, radioactive indicators at first were used in discontinuous sampling technics. While these technics are still most commonly used, an almost continuous detecting technic employing a scintillation counter and a counting-rate computer has been devised by Maclntyre and co-workers.'"'-Satisfactory quantitative studies have been performed with such radioactive indicators. Apparently the exigencies of the method will limit the dynamic-response characteristics of these instruments, making these technics less applicable to small animals Avith rapid circulations. Roth diffusible and nondiffusible radioactive indicators have been used. Some reports would indicate no apparent net loss of certain diffusible indicators during their first circulation through the lungs, no significant difference being reported between cardiac-output values calculated from successive dilution curves recorded using a diffusible and a nondiffusible indicator respectively,'™ or between cardiac-output values calculated from dilution curves using a diffusible indicator and those from a nearsimultaneous direct Fick procedure. 4 In addition to the radiation hazards that introduction of radioactive indicators into the laboratory presents, there is a limit to the number of curves that can be recorded at any one time for both safety and technical reasons, while the number of curves that can be recorded with indocyaniiK' green, for example, is practically without limit, more than 90 curves having been recorded in dogs during a single experiment without technical difficulties or ill effects to the animals/"' 1
E. GASEOUS INDICATORS
While gaseous indicators which are obviously diffusible do not, strictly speaking, belong in this particular report, since such indicators have recently been substituted for liquid ones in a number of the diagnostic indicator-dilution technics in the central circulation it is appropriate to discuss some of these technics. Furthermore, since gaseous indicators have played a major role in dilution technics for measuring organ blood flow and since the latter are in the domain of this report, a brief discussion of gaseous indicators appeal's justified.
1. Nitrous Oxide.-Apparently this was the first gaseous indicator used in the detection of intracardiae left-to-right shunts in patients with congenital heart disease. The idea for this technic is credited to Dr. James Callaway,
SYMPOSIUM ON INDICATOR-DILUTION TECHNICS
457
formerly of the National Institutes of Health, and it has been carried out and refined by other workers of that institution.
60 " 68 Their mode of entry at the lungs makes indicators in the gaseous state especially suitable for detection of left-to-right shunts since they furnish a route into the left side of the heart without the need of an injecting catheter. The latter is a considerable advantage over the two-catheter dye-dilution technics and requires some explanation as to why the N 2 O technic has not gained more widespread popularity. The following reasons may explain this paradox. First, in approximately 5 per cent of patients the N a O technie was found to be unsatisfactory because of failure of the arterial concentration of N 2 O to rise above a level at which errors inherent in the determination of the gas would no longer be significant. 67 Second, because of the time required to build up a satisfactory arterial concentration of N a O, some of the gas is invariably present on the right side of the heart, even in normals, at the time when the simultaneous arterial and venous blood samples are taken for determination of their N 2 O concentrations. On the other hand, the presence of any early-appearing dye detected in the right side of the heart by the two-catheter technie is abnormal. Then also the determination of the N 2 O in the arterial and venous blood requires about 20 minutes so that the data concerning the presence or absence of a shunt are not immediately available to the operator. The latter is very important since knowledge of the presence or absence of a shunt at a particular location in the heart or great vessels may greatly alter the course of the cardiae-eatheterization procedure, and, since the patient may be in poor condition, any possible abbreviation of the procedure that does not impair its diagnostic incisiveness is to be welcomed.
Comparison of the magnitudes of left-toright shunts as measured by the N 2 O technic with those measured simultaneously by electromagnetic flow meters indicates a good agreement between them in dogs with small and moderate-sized shunts. The obvious advantage of Kr 85 is, of course, the fact that like N 2 O it is inserted into Ihe circulation by inhalation so that in the detection of left-to-right shunts during rightheart catheterization only one intracardiac catheter, a sampling catheter, is required. In the later form of this inhalation indicatordilution technic employing a continuous-gasflow Geiger-Mueller tube capable of counting beta emissions from Kr 85 directly in whole blood, the entire procedure including cleaning of equipment could be expected to take only a few minutes per sample, repeat tests, however, requiring an interval of at least 5 minutes between tests. It must be remembered, however, that two samples are required to bo counted, a venous and an arterial one, the ratio of the number of counts of the former to that of the latter being used in determining the presence or absence of a shunt. Good agreement has been found between the NoO and the Kr 85 measurements of shunts.
00
In addition to the radiation hazard and the limit that this places on the number of curves which may be performed there is, as in the case of the N 2 O test, the problem of some of the indicator appearing early on the right side of the heart even in normal subjects, the diagnosis of the presence of a left-to-right shunt depending on the amount of earlyappearing indicator present, that is, being a matter of degree. Thus, a certain amount of overlap or, certainly, equivocal eases are inevitable. Furthermore, these technics in which 458 FOX samples have to be removed to be counted are somewhat cumbersome in comparison to dyedilution technics in which the withdrawal and detection and the reinfusion of the withdrawn blood are both simple and quick. Another disadvantage of both the N 2 O and Kr 85 technics as compared to dye-dilution technics, but one which would be of importance mainly in infants and small children, is that the blood used in the gaseous technics is not returned to the patient.
A different manner of handling Kr 85 was devised by Chidsey and co-workers 81 who dissolved gaseous Kr 85 in saline and used this solution as an indicator in measuring cardiac output by the eonstant-rate-injection indicator-dilution method, the injection being made into the right atrium. The indicator concentration in pulmonary-artery blood was determined by discontinuous sampling, the samples being counted in a cuvette having GeigerMueller tubes counting from each face of the cuvette. Recirculated indicator, which was kept at a minimum because Kr 85 is readily eliminated at the lungs, was monitored at an arterial sampling site. Good agreement was obtained between values for cardiac output determined by the direct Fiek and those determined by the Kr sr> eonstant-rate-injection method.
Long and Cornell, 02 also taking advantage of the poor solubility of Kr 85 in saline and in blood, used injections of Kr S5 -saturated saline on the left side of the heart and continuous monitoring of the expired air with a GeigerMueller tube for the detection of left-to-right shunts. An early appearance of the Kr 85 in the expired air reveals the presence of a leftto-right shunt. While this teclmie would not be expected to be more sensitive in the detection of small left-to-right shunts than dyedilution technics using right-heart sampling, it has the advantage of obviating the need for a second, sampling catheter in the right side of the heart. Unlike the dye teclmic, however, it does not permit quantitation of the left-toright shunts.
Almost complete (95 per cent) elimination of Kr 85 during its first circulation through the lungs following injections of a Kr 85 solution into the right side of the heart in normal subjects which results in a low concentration of this gas in the arterial blood led to use of injections of Kr 85 -saturated saline solutions in the detection of: right-to-left shunts. 01 64 and in the estimation of pulmonary arteriovenous shunt flow by Fritts and co-workers. 65 
Ethyl Iodide and Methyl Iodide.-Ethyl and methyl iodide containing I
131 have also been given by inhalation in the detection of left-to-right shunts. 60 '
G7
These gases have thus far been detected only by discontinuous sampling technics, the activity of the samples removed from various sites in the right side of the heart and from an arterial sampling site being counted in a scintillation well counter. While relatively simple to perform, these technics do not permit quautitation of the shunt and the curves are not immediately available to the operator.
Unfortunately, in all of the papers dealing with foreign inert or radioactive gas technics for diagnosis of intracardiac shunts, comparisons are made with what are called "standard oximetrie technics," by which is meant Van Slyke manometric analysis of blood samples for their oxygen content. In all of the comparisons made, the manometric oxygen technics are found to be inferior to those employing foreign gases. It should be pointed out, however, that oximetry, that is, the determination of the oxygen saturation of the blood by photometric technics, which allows repeated 
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sampling of blood in rapid succession from the various chambers of the heart with the oxygen-saturation values being immediately available to the operator, is the standard with which the foreign-gas technics should be compared.
Hydrogen Gas and Solutions.-Recently
Clark who has had long experience with platinum electrodes in polarography, introduced with Bargeron, 08> 00 the use of a platinized electrode to detect the presence of gaseous hydrogen in blood. The immediately apparent advantage of this indicator-dilution technic is the fact that blood samples need not be taken. The classic reaction on which this technic is based is:
211+ -I-2e ^zl n 2 . When used in the measurement of hydrogen ion activity the platinized electrode is kept saturated with hydrogen gas so that the potential developed is a function of the effective concentration of hydrogen ions. Since the hydrogen ion concentration in blood is relatively constant, the potential developed by the electrode becomes a function of the concentration of gaseous hydrogen present. Tt will be apparent therefore that the electrode is sensitive to changes in the pH of the blood, a decrease in pH giving the same response as the presence of hydrogen gas. Another factor interfering with the quantitative use of this technic is the presence in blood of oxygen which tends to decrease the voltage developed at the potentiometric hydrogen electrode.
As in the case of Tvr 8 "' , two technics have evolved, one using gaseous hydrogen and mainly employed for detection of left-to-right shunts, and the other using a hydrogen-saturated solution of saline and employed in the detection of right-to-left shunts. The detectors for these technics are cardiac catheters having platinized electrodes at their tip, or, for intraarterial use, narrow polythene tubes having a platinized platinum bead at their tip. A silver reference or neutral electrode is required. Wires from the respective electrodes may be led directly to the DC input of a recording potentiometer or to the DC input Circulation Research, Volume X, March. 196S of the amplifiers of a multichannel oscillograph.
In the technic for the detection of left-toright shunts a breath of hydrogen gas is inhaled and if, in the presence of an intracardiac defect, blood containing hydrogen gas is shunted into the right side of the heart the potentiometric electrode mounted at the tip of the cardiac catheter located in this side of the heart develops a potential with respect to the neutral electrode. By means of suitable recording equipment the presence of hydrogen gas in blood from its first appearance to its disappearance can be continuously recorded from several sites in the circulation. An electrode simultaneously recording hydrogen concentration from the nasal passages sei'ves as a reference point, that is, as the "injection time" or "airway signal" since it, of course, comes in contact quickly with the gas inhaled via a face mask.
Since the hydrogen is completely cleared from a saline solution saturated with this gas during its first passage through the lungs, the presence of detectable gaseous hydrogen in the arterial blood following injection of such a solution on the venous side is indicative of the presence of a right-to-left shunt barring interference with the electrode, as by drop in pH. Clark and co-workers 70 have threaded the platinized arterial detecting electrode under fluoroscopic control into the aorta via an exposed radial artery for this procedure. The technic requires that the electrode lie free in the blood stream away from the vessel walls, hence the preference for the aortic detecting site. A rather large volume of injeetatc (8 ml./M.
2 of body surface), preferably buffered, is used.
Lack of response of the arterial electrode to the injection of a hydrogen-saturated saline solution on the venous side can be interpreted as signifying the absence of a venoarterial shunt only if failure of the detecting electrode has been ruled out. Since these electrodes also develop a potential in the presence of ascorbic acid (sodium ascorbate), an injection of this substance is used to verify the responsiveness of the electrode. Among 
Measurement of Regional and Organ Blood Flow by Indicator-Dilution Technics
Discussion of the application of the indicators and detector systems enumerated above to the measurement of organ and regional blood flow is a difficult task since, strictly speaking, this paper is confined to nondiffusible indicators and most of the presently used technics of measuring organ and regional blood flow employ diffusible indicators. While in the first section of this paper dealing with dilution studies in the general circulation the confines of the topic were violated by inclusion of a fairly lengthy discussion of diffusible indicators, it is the author's prerogative to be inconsistent and confine the following discussion of the measurement of regional and organ blood flow largely to technics using nondiffusible indicators. As justification for this inconsistency one can point to the numerous, length}-reviews 40 ' 71~74 of the applications of indicator-dilution technics to the study of the central circulation (both normal and abnormal) using nondiffusible indicators, while reviews of the use of diffusible indicators for such studies are uncommon. Also it seemed logical to include the various technics for detecting cardiovascular shunts using diffusible indicators since these diagnostic technics may be considered to be a direct outgrowth of earlier ones using nondiffusible indicator dyes. On the other hand, a complete review of the technics of measuring regional and organ blood flow largely by means of diffusible indicators has recently appeared, 1 while a general review of such technics using nondiffusible indicators also appears to be unavailable. A review 7 ' 1 of the diagnostic applications of indicator-dilution technics using both diffusible and nondiffusible indicators has also appeared recently.
In discussing the measurement of regional and organ blood flow a good place to begin, from a chronologic as well as a theoretic standpoint, is with Kety and Schmidt's technic for measuring cerebral blood flow using N 2 0 gas as indicator. In his recent review 70 of peripheral blood-flow measurement using blood-tissue exchange methods, Kety elegantly shows how the various technics of peripheral blood-flow measurement now in use form an orderly progression based on the principle of the conservation of matter. Beginning with the classic application of the Fiek principle which requires that all three factorsrepresentative arterial and venous concentrations of indicator as well as the rate of uptake or removal of the indicator by the organ -be known, the basic principle underlying all the blood-tissue exchange methods can still be applied to the measurement of capillary blood flow to small regions under circumstances in which the venous drainage is inaccessible and in which the arterial concentration is negligible and therefore may be ignored, leaving just one of the above three factors as a known quantity.
Without going into detail, the original N^O method of measuring cerebral blood flow was a tour de force devised to circumvent the inability to directly measure either the uptake of any substance by or its removal from the brain. 77 Instead, the accumulation of Nj() in the brain is measured during the transition from one steady state, that is, before inhalation of the gas, to another, namely, after the partial pressure of X«O in the brain tissue and that in the venous blood draining the brain tissue are assumed to have come into equilibrium. In this procedure, X a () inhalation and arterial and venous blood sampling are continued until equilibration between the concentrations of N«O in the brain tissue and in the venous blood draining the cerebral tissue may reasonably be assumed to have taken place, that is, for approximately 10 minutes. This, with the knowledge of the average tissue-blood partition coefficient, permits substitution of the venous concentration of N^O at equilibrium for cerebral-tissue concentration 
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of: N 2 0 and, therefore, for the uptake of N 2 O per unit weight of brain tissue over the period during which the differences in arteriovenous concentrations of N^.0 are measured, thereby allowing calculation of flow per unit weight of cerebral tissue. It will be recalled that the integrated arteriovenous difference in concentration of N 2 O is used in this calculation. The details of sampling and other aspects of the technic are too well known to be repeated here. 77 Recently availability of the gamma-emitting isotope of krypton, Kr 7 ", has made possible direct measurement of the uptake of this indicator by the brain through the intact skull by means of a shielded scintillation detector while the arterial and venous concentrations of the Kr 7l) are obtained by direct sampling. 78 This permits employment of the conventional, form of the Fick equation for practically continuous measurement of cerebral blood flow.
The first major attempt (others had previously attempted this 7 ") to measure cerebral blood flow by a form of the dye-dilution technio was that of Shenkin and co-workers 80 in which sudden single injections of Evans blue dye were made into either of the internal . carotid arteries of man, the resulting dyeblood mixture being sampled simultaneously as integrated samples from both the ipsilateral and the contralateral jugular bulb over a period that was assumed to exclude recirculated indicator. These workers found that, as a result of incomplete mixing of dyed blood from the injected internal carotid artery with that from the remaining arteries to the brain, two thirds of the dyed internal carotid arterial blood drained into the ipsilateral and one third into the eontralateral .internal jugular vein. They, therefore, attempted to calculate cerebral blood flow by using an average of the dye concentrations detected at the ipsilateral and contralateral jugular veins. There was fair agreement between the values for cerebral blood flow calculated from the dilution curves and the average values from previously published determinations by the N a O technic. On viewing their data, it is apparent that much better agreement between the values for cerebral blood flow calculated from the dye-dilution technic and the values from the N^O technie would have been obtained had the values for flow been calculated from the dye concentration in the ipsilateral jugular bulb alone instead of from the average of the dye concentrations in both jugular bulbs. Nylin and co-Avorkers S1 ' 82 have repeated these studies using radioactive! y labeled erythroeytes as indicator and an intermittent sampling technie. Some of the assumptions of their more recent work do not appear to be valid.
S2
In a recent attempt to measure cerebral blood flow in rhesus monkeys, small volumes (0.2 ml.) of indocyanine green were injected by means of a pneumatic pressure injector alternately into the exposed right and left: internal carotid arteries, the resulting dyeblood mixtures being continuously recorded at both jugular bulbs. Systemic arterial, central and jugular venous pressures and respiration were monitored continuously during the procedure. Cardiac output -was determined intermittently by injections of dye into the right atrium with the resulting dilution curve being recorded from the femoral artery and one or both jugular bulbs. Calcrilated average values for cerebral blood flow by the Stewart-Hamilton equation using the mean of the areas of the curves recorded simultaneously from both jugular bulbs gave a figure for cerebral blood flow which coinprised 17 per cent of the cardiac output of these animals. 83 
ESTIMATION OF HEPATIC BLOOD FLOW
The standard technic of estimating hepatic blood flow is a direct application of the Fick principle to the measurement of organ flow. 8 
Following a priming dose, a constant infusion of indicator assumed to be removed solely by the liver is begun. After an initial period of approximately 45 minutes, arterial and hepatic venous samples are taken at f>-minute intervals to determine when the arterial concentration has become stable, thus indicating that equilibrium has been reached so that the rate of infusion and the rate of
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removal of indicator may be assumed to be equal. Sulfobromophthalein was the indicator used originally and there has always been a question concerning the magnitude of the extrahepatic removal of this dye. Rose bengal labeled with I 181 has a number of advantages over sulfobromophthalein for this purpose. 80 " 88 Most recently indoeyanine green, which unlike sulfobromophthalein is almost completely recoverable in the bile and whose disappearance from plasma follows a single exponential pattern, has been substituted for sulfobromophthalein in the measurement ot: hepatic blood flow. 89 " 92 Measurement of hepatic blood flow with indoeyanine green by means of a sudden single-injection technie lias also been reported. 93 To obtain a more representative sample of hepatic venous blood in the measurement of hepatic blood flow, a common hepatic vein has been surgically constructed.
04
MEASUREMENT OF LEFT VENTRICULAR OUTPUT
The measurement of left ventricular output using a constant-rate-injection dye-dilution technie by Peterson and co-workers 93 may serve as an appropriate introduction to the subject of the measurement of regional blood flow by indicator-dilution technics, using nondiffusible indicators, since it has stimulated considerable work along these lines. In their technie, Evans blue dye was injected into the root of the aorta by a pressure injector and a catheter especially designed to aid in radial dispersion of the dye in the blood stream. The resulting dye-blood mixture was sampled simultaneously from a catheter positioned at various sites along the aorta and from either a femoral or a carotid artery, the dye concentration in whole blood being recorded continuously by means of Wood cuvette oximeters connected through amplifiers to a direct-writing recorder. In their paper considerable awareness, on the part of the authors, of the factors influencing the dynamic response characteristics of the detecting-recording systems is apparent although both the sensitivity and the dynamic response of the recording apparatus used were rather poor in comparison to those of presently available instruments. While convincing evidence for mixing of the dye and blood over a short segment of the aortic root, which is essential to this application of the indicatordilution method, was given, the hazard of undyed blood or unmixed dye passing into one of the coronary ostia is one of the disadvantages of this technie. However, good agreement was found between values for left ventricular output determined from the constant-rate injection technie and values calculated, from simultaneously performed direct Fick procedures. A distinct disadvantage of the method is the short plateau time (7 to 10 seconds) over which flow can be measured.
MEASUREMENT OF BLOOD FLOW DOWN THE THORACIC AORTA
Because the thoracic aorta offers a relatively long segment of vessel devoid of major branches, a segment therefore over which mixing of dye and blood can take place with minimal possibility of significant loss of unmixed dye or untagged blood, it was selected by Grace and co-workers 1 ' 0 as the site of injection in their technie for measuring flow in the thoracic aorta. Whereas blood flow in the region above the aortic valve probably is turbulent at some part of the cardiac cycle, which would favor attainment of uniform mixing of dye and blood, flow in the thoracic aorta is most likely laminar so that injection of indicator at a velocity high enough to produce local turbulence and therefore mixing of dye and blood within a relatively short: distance of the catheter tip was required in this technie. An advantage of the thoracic aorta as the site of the constant-rate injection of indicator is that only recalculated indicator reaches the arteries arising from the aortic arch and in a concentration that is identical to that of the recirculating indicator which is "contaminating" thoracic-aorta blood as the injection into the thoracic aorta continues ( fig. 7) . Thus by continuously recording the concentration of recirculated indicator from a radial artery (preferably the left radial so that one can guard against retrograde loss of unmixed indicator) and
SYMPOSIUM ON INDICATOR-DILUTION TECHNICS
463
using this as a base line for measurement of newly injected indicator making its first passage by the sampling site in the abdominal aorta, one theoretically can measure the flow down the thoracic aorta for any duration of injection desired. To correct the concentration of dye recorded in the abdominal-aorta blood for the amount of reeireulating dye it is only necessary to subtract the dye concentration detected at the left radial artery at a corresponding time. This requires taking into account the difference in the time needed for the reeireulating indicator leaving the left ventricle to reach these two sampling sites.
In the original technic Evans blue dye was the indicator used, the subjects breathing 100 per cent oxygen during the procedure. An approximate value for the time correction between the abdominal-aorta and radialartery sampling sites was obtained from the difference in the peak concentration times 07 of the dilution curves recorded at these sites following sudden single injections of indicator into the pulmonary artery which were carried out just before or just after the constant-rate injection into Ihe thoracic aorta. Use of such a constant time correction to rule out reeireulating dye introduced a definite possibility of error since it is quite evident that changes in circulation times to the sampling sites at the abdominal aorta and the radial artery might occur during recording of the constant-rate-injeelion curve, especially under unsteady-state conditions of the circulatory system for which this method is otherwise ideally suited. If it were possible to record a number of sudden-single-injection dilution curves during recording of the constant-rate-injection curve the differences in circulation times 1o the radial artery and the abdominal aorta could be measured and coi 1 -rected for, thus avoiding possible errors that may arise from use of a constant figure for these circulation times. Tn addition, this method would a.llow values for cr.rdiac or.! put (that is, total body flow) and, by difference, for flow to the upper part of the body to be obtained simultaneously with the continuous measurement of flow to the lower part. 08 The latter is not entirely feasible at present since the interval between quantitative recording of dilution curves of the same indicator in rapid succession is determined by the time required for attainment of a stable concentration of indicator in the circulating blood following the previous injection. This is a matter of minutes for the commonly used indicators, which are retained within the blood stream during repeated circulations, and points up the need for an indicator that may be quantitated in the circulation and yet completely leaves the blood stream after its first circulation. One of the group of gaseous indicators cited above may perhaps fill this need.
Recording of two dilution curves.simultaneously may be accomplished by means ol: oximetry by using two indicators, one having its peak absorption in the red region of the spectrum (640 ni/x) where the red photocell of the oximeter has its peak sensitivity and the other having its peak absorption in the near-infrared region of the spectrum (800 m/i) where the infrared photocell has its peak sensitivity. The dilution patterns of the two dyes may, therefore, be recorded independently by the red and infrared-sensitive photocells respectively, thereby converting-the oximeter into two densitometers, one sensitive to dyes absorbing at 640 m^ and the other sensitive to dyes absorbing at S00 niji. Thus following simultaneous injections of the appropriate dyes, dilution curves of these two dyes can be recorded simultaneously yet independently by one instrument while sampling from a single site in the vascular system. The modifications in the circuitry of the oximeter required for this teehnic have been described elsewhere. 71 The spectral sensitivities of the red and infrared photocells of the cuvette oximeter and the spectral absorption curves of the two indicators used for this purpose are seen in figure 3 . Coomassie blue dye like Evans blue and the other "blue 1 '" dyes absorbs light only in the spectral region in which the red photocell is sensitive and absorbs no light in the infrared region of the spectrum. Therefore. its presence in the blood would affect only the red-sensitive photocell of the oximeter.
In contrast, indocyanine green dye absorbs liglit mainly in the infrared region of the spectrum and therefore is detected chiefly by the infrared-sensitive photocell. Since indocyanine green, however, also absorbs a small amount of light in the red region of the spectrum, this indicator would be detected also by the red-sensitive photocell and this would interfere with the quantitative detection of the eoomassie blue dye by this photocell.
Correction of the deflection of the redphotocell galvanometer trace for the amount of this deflection that is due to indocyanine green can be made by calibrating the red and infrared-photocell circuits with known eon- ccntrations of imlocyanine green in blood.
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Since the relation between the deflection of: the red-photocell galvanometer trace and the deflection of the infrared-photocell galvanometer trace produced by the presence of varyCirculation Rcaaarck, Volume. X, March 1962 ing amounts of indocyanine green in blood is a linear one, a calibration curve can easily be constructed, as shown in figure 8 , to permit determination of the deflection produced on the red-photocell galvanometer (race by indocyanine green dye when the amount of deflection produced by this dye on the infrared galvanometer trace is known. Figure 9 shows a diagram of the apparatus used in the teclmic for simultaneous determination of total and lower-body blood flow and, by difference, flow to the upper part of the body. In addition to the equipment used in the measurement of thoracic-aorta flow shown in figure 7 , a cardiac catheter is advanced so that its tip lies in the right atrium, into which sudden single injections of indicator are made intermittently by means of a second pneumatic injector.
Indocyanine green is the indicator used for the constant-rate injections into the thoracic
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aorta for measuring lower-body flow, and eoomassie blue is used for the intermittent sudden single injections into the right atrium for determination of total body flow, that is, cardiac output.
The protocol followed in the experiment 08 may be seen in figure 10 , which is an original photokymographic recording of the physiologic variables and of the arterial dilution curves recorded simultaneously at the abdominal aorta and at the radial artery following injections of indicator into the right atrium and into the thoracic aorta. Prior to the start of exercise a sudden single injection of eoomassie blue was made into the right atrium for measurement of total body flow (cardiac output). Immediately following inscription of this curve a constant-rate injection of indocyanine green was begun into the thoracic aorta for measurement of flow in the thoracic aorta, the concentration of the indocyanine green being recorded at the abdominal aorta by the infrared circuit of the "femoral cuvette." This injection was continued for a period of 1 minute, recirculated indocyanine green being recorded by the infrared circuit of the left radial cuvette. Thirty seconds after the start of the constant-rate injection, the subject began exercising and the constantrate injection into the thoracic aorta was continued for another 30 seconds thereafter.
Immediately following cessation of the constant-rate injection of indocyanine green and with the subject continuing to exercise, another sudden single injection of eoomassie blue for measurement of total body flow (cardiac output) was made.
As is evident from the foregoing, the sudden single injections of eoomassie blue into the right atrium with simultaneous recording of the resultant dilution patterns at the abdominal aorta and the radial artery serve two purposes. The first is that they permit, the measurement of total body flow, that is, cardiac output. Second, in affording the time interval necessary for this correction (see above), they permit correction for the amount of recirculated indoeyanine green being detected at the abdominal aorta at any moment Circulation Research, Volume X, March 1962 during the constant-rate injection by subtraction of the concentration of the indocyanine green being detected simultaneously at the radial artery. Were an indicator available which absorbed light only in the infrared region of the spectrum and which left the blood stream completely after its first circulation, this technic could be greatly simplified. Further improvement in the accuracy of these recording technics would be expected if the concentrations of these two indicators having the above-noted desirable spectral absorption characteristics were recorded simultaneously by means of instruments capable of compensating for nonspecific changes in the optical density of the blood. Thus the dye absorbing in the visible spectrum would be recorded by means of the ordinary (two-color) oximeter circuit and the infrared-absorbing dye would be recorded by means of the dichromatic densitometer.
MEASUREMENT OF FLOW IN THE FOREARM
In a study noteworthy for its thoroughness Andres and co-workers 12 measured blood flow in the forearm of humans by means of a constant-rate-injection dye-dilution technic. Evans blue dye, the indicator used, was injected by a motor-driven syringe into the brachial artery and the dye-blood mixture M' as sampled simultaneously but intermittently from both a deep and a superficial vein in the forearm. Indicator concentration was determined in a spectrophotometer by standard technics. Despite a major obstacle presented by the difficulty in obtaining uniform mixing of dye and blood between injection and sampling sites, which could not be overcome by jet injection, satisfactory values for resting blood flow in the forearm Avere obtained in 80 per cent of the subjects, as judged by comparison with plethysmographic values obtained from the literature. The need for sampling from both a superficial and a deep vein in order to establish that uniform mixing has occurred is a disadvantage of the method. Development of the indicator, indocyanine green, which is suitable for continuous detection in flowing venous blood, 
